The effects on the platinum particle diameter and the available platinum surface area of a graphite-supported platinum catalyst resulting from pretreatments and from performing a selective oxidation reaction are investigated. In the gas phase considerable catalyst sintering occurs only in the presence of oxygen at 773 K due to extensive carbon burn-off, whereas in an aqueous phase platinum particle growth is limited upon oxidative treatment. A hydrogen treatment in aqueous phase at 363 K causes platinum particle growth, aggregate formation, and covering of metal sites. These phenomena become more important with increasing pH. Platinum particle growth and aggregate formation are attributed to platinum particle rather than platinum adatom mobility and is caused by the destruction of the oxygen-containing surface groups on the graphite support, which serve as anchorage sites for the platinum particles. Site covering is caused by products originating from the graphite support, which are formed as a result of the reductive treatments. When performing the aqueous phase oxidation of methyl α-D-glucopyranoside at 323 K and a pH of 9, catalyst modifications are small under oxidative conditions. Exposure of the catalyst for several hours to methyl α-D-glucopyranoside under the same conditions but in the absence of oxygen causes site covering.
INTRODUCTION
Partial oxidations of alcohols or carbohydrates are interesting processes for the production of valuable chemicals. The oxidation of primary alcohols to aldehydes or carboxylic acids and of secondary alcohols to ketones can be performed with molecular oxygen in aqueous media over supported platinum and palladium catalysts (1) (2) (3) (4) . Especially for carbohydrate chemistry the mild reaction conditions and high selectivity are very attractive. However, catalyst deactivation is often reported and forms the major bottleneck for the commercialization of these processes. Four deactivation mechanisms can be distinguished: (i) Deactivation by over-oxidation or oxygen poisoning has received the most attention. It has been reported for the oxidation of primary alcohols (5-10), secondary alcohols (8, (10) (11) (12) , and carbohydrates (10, (13) (14) (15) (16) (17) (18) (19) . It is generally accepted that over-oxidation is caused by the strong adsorption of oxygen or oxygen-containing species at the platinum surface (16-18, 20, 21) . The catalyst activity is easily recovered by a mild in-situ reduction (11, (13) (14) (15) (16) 18) or is avoided by regulation of the oxygen supply (3, 4) , application of diffusion-stabilized catalysts (3, 4) , or the addition of promoter metals to the platinum catalyst (9, 10) .
(ii) Covering of adsorption sites ("site covering") by major products or minor side products is frequently reported as a cause of deactivation. In the field of carbohydrate oxidation product adsorption was found to deactivate the catalyst for the oxidation of D-glucose (22) and D-gluconic acid (23) in acidic media. In electrochemical oxidations of alcohols in acidic media, CO from aldehyde intermediates was found to cover active sites (7, 24, 25) , but no CO poisoning was observed for D-glucose oxidation (22) . In alkaline media CO is oxidized under reaction conditions (4) and is present in small amounts (26) . In neutral or alkaline media side products may be produced, often via aldol dimerization or polymerization, which may cover irreversibly the active site (4-6, 11, 12) . Also, during the initial reductive pretreatment of the catalyst in aqueous media, which is often performed in the presence of the alcohol or carbohydrate to be oxidized, the platinum surface is covered by dehydrogenation products (4, 10, 18, 19) . Subsequent oxidation removes poisoning species such as CO (4) , but other side products may still cover active sites (19) .
(iii) Metal leaching, the loss of an active metal via the dissolution of metal ions, often constitutes the main reason why a process is not commercially feasible. Especially in the presence of certain anions or complexing agents like carbohydrates and their oxidation products, dissolution of metals is enhanced (4, 16, 19) . Dissolution and loss of active metal is not frequently reported, because many oxidations are carried out in batch reactors for relatively short reaction times. However, upon re-use of the catalyst (8) or after careful characterization of used catalysts or analysis of the liquid phase (10, 18, 19) , a decrease of the catalyst metal content was observed. During continuous oxidation of methyl α-Dglucopyranoside to sodium methyl α-D-glucuronate a platinum content of 2-4 ppm was measured in the solution (16) .
(iv) Metal particle growth, just like metal leaching, is observed only after prolonged oxidation. Schuurman et al. (16) explain the irreversible deactivation observed for the oxidation of methyl α-D-glucopyranoside as being the result of recrystallization via dissolution and subsequent redeposition of platinum ions. In this so-called Ostwald ripening mechanism large particles grow at the expense of smaller ones, resulting in an increase of the average metal particle diameter (27) . Other mechanisms have been proposed such as two-dimensional Ostwald ripening, a mechanism in which platinum atoms migrate on the support surface (28) , or an electro-recrystallization mechanism in which local cells are formed between large and small platinum particles, causing platinum ion complex migration compensated by electron transport over the support surface (29) .
The aim of this paper is to describe the effects of different environments and reaction conditions on a platinumon-graphite catalyst in terms of site covering and particle growth. Particle growth is studied by transmission electron microscopy (TEM) and X-ray diffraction (XRD). Site covering can be derived from CO chemisorption, when the results are compared to TEM and XRD. Deactivation is often only clearly observed after prolonged use of the catalyst. Therefore gas phase and aqueous phase treatments of the platinum-on-graphite catalyst are performed under extreme conditions to accelerate site covering and particle growth. The mechanisms for site covering and particle growth observed as a result of these treatments are compared to the deactivation observed for the continuous oxidation of methyl α-D-glucopyranoside to sodium 1-O-methyl glucuronate.
EXPERIMENTAL

Fresh Catalyst
The fresh platinum on a high-surface-area graphite catalyst (Pt/HSAG) was prepared according to the procedure of Richard and Gallezot (30) at 773 K for 2 h. Treatment in air was followed by reduction in hydrogen at 573 K for 1 h. After treatment in hydrogen and nitrogen the increase of the platinum content was negligible, whereas, after treatment in air the platinum content had increased by a factor of four, due to platinum-catalyzed carbon burn-off (31) .
Aqueous Phase Treatments
A 4 × 10 −4 m 3 stirred glass tank reactor equipped with a glass stirrer was filled with 2.5 to 10 kg m −3 fresh catalyst in 0.2 × 10 −3 m 3 Millipore water (pH ≈ 7), 100 mol m −3 HClO 4 (pH = 1), or 100 mol m −3 NaOH (pH = 13). The slurry was stirred in a nitrogen or hydrogen atmosphere at 363 K or in an oxygen atmosphere at 323 K at a gas flow rate of 3 × 10 −6 Nm 3 s −1 .
Oxidation of Methyl α-D-Glucopyranoside: Equipment and Procedure
A continuous flow three-phase slurry reactor of 0.7 × 10 −3 m 3 volume was used. The glass reactor was equipped with a glass stirrer with internal gas circulation, a pH electrode (Radiometer PHC2402), an oxygen electrode (Ingold 341003005), and a membrane filter of 0.45 µm (Millipore GVWP09050) to retain the catalyst. The temperature was measured with a Pt-100 probe and controlled by a water bath (Beun de Ronde CS6 and R22). The reactor was operated at atmospheric pressure at a constant gas flow rate of 3 × 10 −6 Nm 3 s −1
. Before the start of the oxidation reaction 0.7 × 10 −3 kg fresh catalyst was prereduced in 0.35 × 10 −3 m 3 water at 363 K for 1.8 × 10 3 s in a hydrogen flow. Under a nitrogen atmosphere the reactor was cooled to 323 K and the water was removed. A solution of methyl α-D-glucopyranoside (Fluka) and sodium methyl α-D-glucuronate was added, which was previously prepared by a separate batch oxidation reaction of methyl α-D-glucopyranoside under identical reaction conditions and stopped at the same conversion level as the reaction to be performed. The reaction was started by replacing the nitrogen flow with an oxygen flow. The methyl α-D-glucopyranoside and sodium hydroxide solutions were added to the reactor simultaneously at equal flow rates with a tubing pump (Masterflex 7523-35) equipped with two equal pump heads. The inlet liquid flow rate was adapted to the rate of production of sodium 1-O-methyl glucuronate by a feedback PID-control (Eurotherm 940D) based on the pH measurement of the reaction mixture. In this way the concentration of methyl α-D-glucopyranoside and sodium methyl α-D-glucuronate were kept constant despite catalyst deactivation, provided that catalyst deactivation did not result in selectivity changes. Analysis of the reaction mixture, performed off-line with a HPLC analysis described elsewhere (16) , ensuring good contact of the three phases. It was verified that the kinetic measurements were free of mass and heat transfer limitations.
Regeneration of the catalyst to overcome over-oxidation was performed in situ. The oxygen flow was successively replaced by nitrogen, hydrogen, and nitrogen for 1.8 × 10 3 s. The pH, temperature, and concentrations were maintained constant during regeneration.
Catalyst Characterization
Catalyst samples from liquid phase experiments were filtered on a 0.45 µm membrane filter (Schleicher and Schull RC55 or Millipore GVWP09050), carefully washed with Millipore water and dried at 323 K and 5 kPa.
The platinum content of the catalysts was determined in duplicate by dissolving the platinum in concentrated HCl/HNO 3 (3 : 1, Merck p.a.) followed by the removal of the nitric acid by adding hydrochloric acid and evaporating three times. A yellow platinum tin chloride complex was formed by adding a hydrochloric acid containing tin chloride solution (Merck p.a.) and the extinction was measured at 403 nm (32, 33) . The standard deviation was found to be smaller than 0.1 wt% for all measurements. The platinum concentration in the liquid phase was determined from the extinction of the platinum tin chloride complex, which was measured at 403 nm with a diode-array detector with a detection limit of 1 × 10 −4 mol m −3 .
The specific surface area was measured as the BET surface area with a Micromeritics ASAP2000 instrument. An exact amount of catalyst or graphite support was dried at 383 K for 1 h under vacuum in the sample tube prior to measurement.
The fraction of platinum atoms exposed was determined by CO pulse chemisorption using a modified gas chromatograph (Carlo Erba 4300) equipped with a thermal conductivity detector (TCD). Hydrogen and helium were purified by an oxygen and moisture filter and the carbon monoxide (99.997%) was used without further purification. Prior to measurement all catalyst samples were dried at 323 K at 5 kPa overnight. An exact amount of catalyst was reduced in a Pyrex glass plug flow reactor at 373 K for 2 × 10 3 s in 3 × 10 −7 Nm 3 s −1 hydrogen. CO was adsorbed in a helium flow of 3 × 10 −7 Nm 3 s −1 at 273 K. The fraction exposed, FE CO , was calculated assuming an adsorption stoichiometry of CO ads : Pt s = 1. Every catalyst sample was measured in duplicate according to the procedure described above. The standard deviation for the obtained FE CO was smaller than 0.01 for all measurements.
Transmission electron microscopy (TEM) micrographs were obtained with a JEOL 1200 EX microscope. The samples were ultrasonically dispersed in tetrachloromethane p.a. or ethanol p.a. and the suspension was brought onto 400 mesh copper grids coated with a carbon support film (TAAB). An accelerating potential of 120 kV was used with a microscope magnification between 50,000 and 500,000. The resulting micrographs were analyzed with a scale magnifying glass (Peak) with a magnification of 10 and an accuracy of 0.1 mm to obtain the platinum particle diameter distribution. Depending on the quality of the micrographs and the magnification applied, between 169 and 569 platinum particles were counted per catalyst sample.
The number, surface area, and weight averaged platinum particle diameter were determined from the distribution according to Lemaître et al. (34) .
The sample standard deviation for the number, surface area, and weight averaged platinum particle diameter is obtained from:
and the 95% confidence interval for d
X-ray diffraction (XRD) was performed unless the amount of catalyst was insufficient to fill the sample holder. XRD was determined using Cu K α radiation (λ = 0.15418 nm) and a CGR focusing monochromator (curved quartz single crystal). The curve position sensitive detector (INEL CPS120) had an angular range of 5-120
• (2θ ) and a resolution of approximately 0.03
• (2θ). Spectra were recorded for 2.4 × 10 3 s in the reflection or transmission mode. For the line analysis and deconvolution SIEMENS/SOCABIM (FIT) software was used, as graphite lines partially overlapped the Pt(111) line. The average platinum particle diameter was calculated from the Warren-modified Scherrer equation (35):
with λ = 0.15418 nm, θ is the Bragg angle, β 1/2 is the linewidth at half maximum in radians, and b = 0.00182 radians (0.104 • ), the instrumental line broadening being determined experimentally with bulk platinum with high grain size.
Particles as small as 1.5 nm could be detected by line broadening analysis. In the review by Gallezot (35) other examples are mentioned, where particle diameters are established by line broadening analysis which are smaller than the generally accepted detection limit of about 4 nm. Sashital et al. (36) reported examinations with X-ray diffraction of platinum particles on silica as small as 2.5 nm and Bergeret et al. (37) established particle diameters as small as 1.5 nm by line broadening analysis. The accuracy of the measurement of such small particles is, of course, rather limited.
In order to compare the results obtained with XRD, TEM, and CO chemisorption, the exposed fraction determined by CO chemisorption, FE CO , was converted to the surface-area-averaged particle diameter, d 
Obviously the application of Eq. [5] is only allowed when the platinum surface atoms are available for CO chemisorption, i.e., are not covered by adspecies on which CO does not chemisorb.
RESULTS
Fresh Catalyst
A TEM micrograph and the platinum particle diameter distribution of the fresh catalyst are presented in Figs. 1 and 2a, respectively. It is a well defined monodisperse catalyst in agreement with the results of Richard and Gallezot (30) . The platinum particle diameter ranges from the detection limit to 2.5 nm. The results of the characterization of the fresh catalyst with TEM, CO chemisorption, and XRD are given in Table 1 . With XRD a weight-averaged diameter, d w , and with chemisorption techniques a surfacearea-averaged diameter, d s , are obtained from the exposed fraction of metal atoms (38) . From the platinum particle diameter distribution obtained with TEM the numberaveraged, surface-area-averaged, and weight-averaged diameters were calculated.
For the fresh catalyst the observed order is d The smaller diameter obtained with XRD compared to d TEM w may be attributed to the inaccuracy of line broadening analysis for small particles. The width of the XRD lines is affected by internal disorder and strain of the platinum particles (40) , which is certainly found at the edges of the particles. For small particles this will mean a large decrease of the size of the reflecting crystalline structure. Furthermore, particles envisaged with TEM as one particle may actually consist of smaller crystalline structures. As a consequence d stoichiometry of CO ads /Pt s = 1 is too large for small particles (41, 42) .
Gas Phase Treatments
The growth of platinum particles upon heat treatment in the presence of a gas phase was investigated by heating the fresh catalyst at 773 K. Table 1 shows the results of this treatment in a hydrogen, nitrogen, and oxygen atmosphere, the catalyst samples being indicated by H 2 G, N 2 G, and O 2 G. Heating in a hydrogen or nitrogen atmosphere results in a small increase of the average platinum particle diameter and a small decrease of the fraction exposed, FE CO . Oxidation of the fresh catalyst in air results in a large increase of the average platinum particle diameter. This is caused by the platinum-catalyzed oxidation of the graphite support (31), resulting in a 75 wt% carbon burnoff. Because of this very high burnoff the support is destroyed, together with the anchorage sites of the platinum particles, and platinum particles will migrate over the support surface, collide, and coalesce. The effect of oxidation at 773 K on the diameter of the platinum particles is shown in Fig. 3 , in which platinum particles with a diameter of up to 30 nm can be observed. Figure 4 shows the exposed fraction of platinum atoms after aqueous phase treatment of the fresh catalyst at pH = 1, 7, and 13 in a hydrogen and nitrogen atmosphere at 363 K and in an oxygen atmosphere at 323 K for 20 h. decreases with increasing pH, the strongest effect being observed for hydrogen.
Aqueous Phase Treatments
In order to study the effect of the hydrogen treatment at pH = 13 the fresh catalyst was treated for 250 × 10 3 s at a catalyst concentration of 5 kg m −3 . Figure 5 shows a sharp decrease of the exposed fraction of platinum atoms, FE CO , as a function of time for this experiment. Three samples taken at 0.3, 3.6, and 250 × 10 3 s, indicated by H 2 B1-0.3, H 2 B1-3.6, and H 2 B1-250, were also characterized with TEM and XRD. The results are listed in Table 1 . The decrease of the FE CO from 0.56 for the fresh catalyst to 0.09 after 250 × 10 3 s is accompanied by an increase of the average platinum particle diameter. With TEM a gradual increase from d TEM s = 1.70 to 5.2 nm is observed. The platinum particle diameter distributions of this experiment are depicted in Fig. 2 and it clearly demonstrates platinum particle growth. With XRD an increase from 1.5 to 3.4 nm was determined.
Another effect of the treatment at pH = 13 in a hydrogen atmosphere is the appearance of platinum aggregates. Figure 6 shows a TEM micrograph of the largest aggregate observed for H 2 B1-250. The amount and size of these aggregates increases with increasing reduction time. It is not clear whether the aggregates consist of platinum exclusively or whether carbonaceous material is incorporated in the aggregates. EDX is not a helpful tool in this case because both the catalyst support and the film on the copper grid are composed of carbon, which contributes to the total carbon signal in the EDX spectrum.
Repeating the reduction experiment at a higher catalyst concentration of 10 kg m , indicated by H 2 B2-250 in Table 1 , after 250 × 10 3 s the fraction exposed was 0.18. A series of treatments with H 2 at pH = 13 indicated that a higher NaOH/catalyst ratio resulted in a larger decrease of the fraction exposed. A NaOH consumption of 1 mol kg −1 cat or 6 mol mol larger platinum aggregates were observed on the former sample with TEM. Next, H 2 B2-250 was treated in 100 mol m −3 HClO 4 at 323 K by applying 4 oxidation reduction cycles indicated in Table 1 as H 2 B2-250R. The FE CO recovered to 0.25. Another indication that site coverage and particle growth occur simultaneously during treatment with H 2 at pH = 13 is the fact that the increase of the d for H 2 B1-250 and H 2 B2-250. It was verified whether the catalyst was poisoned by impurities originating from the reactor, because after several treatments under hydrogen at pH = 13 at 363 K corrosion of the glass was observed. Combination of energy dispersive x-ray analysis, EDX, with TEM or scanning transmission electron microscopy, STEM, could not reveal the presence of impurities, e.g. silicon, when characterizing platinum particles or aggregates of H 2 B1-250.
Oxidation of Methyl α-D-Glucopyranoside
The oxidation reaction of methyl α-D-glucopyranoside to 1-O-methyl α-D-glucuronate is shown in Fig. 7 . Figure 8 shows the initial specific consumption rate, R 0 w , as a function of the number of oxidation runs and the number of overnight N 2 treatments. During each run the rate decreased due to overoxidation (16, 18) . Regeneration of the catalyst after 10 × 10 3 s reaction by replacing the oxygen flow by nitrogen and hydrogen for 1.8 × 10 3 s and resuming the oxygen feed results in the complete recovery of the initial rate in the next oxidation run. Complete recovery was not observed if the catalyst was kept under nitrogen overnight in the reaction solution at 323 K for 50 × 10 3 s prior to the regeneration. This is clear in Fig. 8 from the decrease of the initial rate with an increase of the number of overnight N 2 treatments.
Extension of the oxidation time to 40 × 10 3 s during oxidation run 2 after two overnight N 2 treatments did not result in a change of the initial rate after regeneration. Consequently it is concluded that deactivation during oxidation caused by platinum particle growth and site coverage can be neglected and that the deactivation as a result of two overnight N 2 treatments is not recovered.
Deactivation due to platinum leaching could be neglected. The platinum ion concentration in the reactor solution was measured 11 times during the experiment both at the beginning and the end of an oxidation run. No effect of the run time on the platinum ion concentration was observed. The average platinum ion concentration amounted to 0.6 ± 0. The results of the characterization of three samples which were used for the oxidation of methyl α-D-glucopyranoside are listed in Table 1 From Table 1 it can be concluded that the increase of the platinum particle diameter of the catalysts used for the methyl α-D-glucopyranoside oxidation is small compared to the fresh catalyst and that no further increase is observed after the prereduction. The fraction exposed, which decreased after prereduction from 0.56 to 0.41, remained constant for M1 and M4 which were not treated overnight, whereas for M7 it decreased further to 0.27. At equal platinum particle diameter this decrease must be attributed to site covering, which is caused by the overnight storage in nitrogen atmosphere and corresponds to the decrease of the initial rates in Fig. 8 after each overnight N 2 treatment.
From the TEM micrographs of catalysts used for reaction or the pre-reduced sample H 2 L another form of irreversible deactivation was observed, which was already mentioned for the experiments in which the catalyst was treated in a hydrogen atmosphere at high temperature and high pH. In Fig. 9 the TEM micrograph of catalyst sample M7 is given. Small platinum aggregates like the ones observed for the aqueous phase hydrogen-treated catalyst H 2 B1-250 appear. 
DISCUSSION
The decrease of the CO chemisorption capacity upon aqueous phase reduction at high pH as shown in Fig. 5 is caused by two distinct phenomena. First, platinum particle growth is clearly observed with TEM and XRD as indicated in Table 1 by the H 2 B-samples. Furthermore, the appearance of aggregates of platinum particles is shown in Fig. 6 . Second, site covering is concluded from the fact that the calculated d . Also, site covering is indicated by the increase of the fraction exposed if, subsequent to the reduction experiment, aqueous phase oxidation was applied as indicated in Table 1 by H 2 B2-250R.
For the oxidation reaction of methyl α-D-glucopyranoside, site covering, platinum leaching, and particle growth have been shown to take place as a result of prolonged use of the catalyst (16, 18) . In the present case the extent of deactivation by platinum leaching and particle growth is limited, whereas site covering causes a more extensive decrease of the reaction rate, indicated by the decrease of the FE CO of sample M7 in Table 1 .
Upon gas phase treatment at 773 K, platinum particle growth is limited in a hydrogen and nitrogen atmosphere, as indicated by H 2 G and N 2 G in Table 1 . In an oxygen atmosphere, however, a large increase of the platinum particle diameter was observed as is clear from the O 2 G data in Table 1 .
Clearly, the mechanism according to which platinum particle growth and site covering occur strongly depends on the catalyst environment. The gas phase used during the gas and aqueous phase experiments and the pH in the aqueous phase experiments are two important variables determining the extent of particle growth and site covering.
Platinum Particle Growth
The decrease of the CO chemisorption capacity upon aqueous phase reduction is most predominant at high pH in a hydrogen atmosphere, as indicated in Fig. 4 . The decrease of the FE CO in Fig. 5 is partly caused by platinum particle growth as is clearly observed with TEM and XRD and indicated in Table 1 for the H 2 B-samples by the increase of the average platinum particle diameter upon time of treatment. Also, from Fig. 2 it appears that the platinum particle diameter distributions are skewed toward the larger diameter side with increasing time of treatment. Furthermore, the appearance of aggregates of platinum particles was shown in Fig. 6 .
In general, particle growth may occur by surface migration of platinum particles or atoms or by transport of platinum through the liquid phase. Transfer of platinum through the liquid phase is less likely, because under reducing conditions platinum ions that may dissolve are absent. Surface migration of platinum particles and platinum atoms are two distinct mechanisms, which are not mutually exclusive (27, (43) (44) (45) . The first mechanism involves the random migration of particles resulting in collisions with other mobile or fixed particles, followed by their coalescence, which leads to particle growth. The other mechanism involves interparticle migration of atoms between fixed particles via the support surface. The first surface migration mechanism is termed particle migration and the second, which implies the migration of atoms, corresponds to Ostwald ripening (27) .
The observation that the reductive treatment at pH = 13 is coupled with the appearance of aggregates of platinum particles favors the particle migration mechanism. In the aggregates shown in Fig. 6 , individual particles can be observed, which are at the first stage of their coalescence. It was proposed by Wynblatt and Gjostein (43) that platinum particle migration may occur not by simultaneous translational motion of the whole crystallite, but by migration of platinum adatoms on the platinum surface resulting in an eventual transfer of platinum mass from one side of the particle to the other. This may lead to a change of the particle geometry and the formation of aggregates.
Besides the evidence for the particle surface migration mechanism obtained with TEM, other methods to distinguish between particle and adatom surface migration provide indications that the latter plays only a limited role.
First, for two-dimensional Ostwald ripening an initial increase of the exposed fraction of platinum atoms may be observed, because crystallites release atoms to the support surface (28) . In the first part of Fig. 5 , however, a rapid decrease of FE CO is observed. Hence, this result gives no indication of Ostwald ripening, although a small initial increase of the fraction exposed may have been completely compensated by site coverage.
Second, the particle diameter distribution will be different for both particle growth mechanisms. For particle migration and subsequent coalescence a Gaussian distribution will become broader and skewed towards the larger particle diameter side. On the other hand, Ostwald ripening will result in a bimodal distribution (46) . From Fig. 2 no bimodal distribution can be concluded, although the limited accuracy of the determination of the particle diameter distributions and the impossibility to detect particles below the detection limit of about 0.5 nm may cause problems in this respect (47) . Third, assuming that particle growth and aggregate formation are caused by particle surface migration, an attempt was made to estimate an average platinum particle migration distance, x, after a given time, t, and the corresponding particle diffusion coefficient, D p . Comparison with literature data may then indicate whether the particle surface migration mechanism is realistic or not.
The above quantities are related by
The average migration distance is estimated by calculating the distance from which particles must have migrated toward each other in order to create an aggregate. First, the number of particles which must have formed the aggregate was estimated. For the largest aggregate observed after 250 × 10 3 s of reduction at 363 K and pH = 13, which is shown in Fig. 6 , it was estimated that 1.5 × 10 4 hemispherical particles with d n = 1.45 nm must have formed the aggregate. Next, the number of those hemispherical platinum particles per unit of support surface area was calculated from the BET surface area of 1.02 × cat . From the calculated value of 1 platinum particle per 50 nm 2 it follows that 1.5 × 10 4 platinum particles cover a surface area of 7.5 × 10 5 nm 2 on the fresh catalyst. If the aggregate is considered as the fixed center of a circle in which all platinum particles have formed the aggregate during the reduction experiment, the radius of that circle is 5 × 10 2 nm. If the average particle migration distance, x, is equal to the radius of this circle, calculation of the particle diffusion coefficient, D p , from Eq. [6] gives 0.2 × 10 −18 m 2 s −1 . This value is of the same order of magnitude but smaller than that found in gas phase sintering experiments at much higher temperatures. For example, for 2.5 nm platinum particles on alumina, which were annealed at 873 K for 5 h, a D p of 1.5 × 10 −18 m 2 s −1 was reported (43) . Thus it can be concluded that on the basis of the calculated particle diffusion coefficient the particle surface migration mechanism is realistic.
Clearly, the aqueous phase plays an important role in the particle growth mechanism in a hydrogen atmosphere. Particle migration can occur at a much lower temperature in the liquid phase. Whereas in the gas phase in a hydrogen atmosphere at 773 K particle growth is limited as indicated in Table 1 by H 2 G, the presence of an aqueous phase containing sodium hydroxide accelerates particle migration in a hydrogen atmosphere at 363 K. Moreover, a higher NaOH/catalyst ratio results in a larger average particle diameter as indicated by the data for sample H 2 B1-250 in Table 1 , which was treated at a higher NaOH/catalyst ratio than H 2 B2-250. Chu and Ruckenstein (48) explained the increased sintering of platinum particles on a carbon film in gas phase at 773 K in the presence of water vapor to be a result of a decrease of the particle support interaction, speculating that the particles migrate by floating over the support. In the reduction experiments in aqueous phase the effect of water and hydroxide may be similar. The presence of the aqueous phase may accelerate the destruction of the oxygen-containing surface groups, destroying the platinum support interaction. Also, the support surface may be modified by reaction or interaction of hydroxide ions with the acidic support surface groups. Both effects will stimulate platinum particle surface migration and consequently particle growth. Another role of OH − might lie in its ability to permit transfer of platinum adatoms from the platinum surface to the graphite support (28, 43) . In this way the transport of platinum particles on the support may be facilitated via a mechanism in which platinum particle migration occurs by movement of platinum adatoms on the platinum surface, resulting in a eventual transfer of platinum mass from one side of the particle to the other. This mechanism may also explain the formation of platinum aggregates.
During the oxidation of methyl α-D-glucopyranoside, particle growth is small and occurs only during the prereduction, which was performed in water at 363 K in a hydrogen atmosphere. The platinum particle diameter measured with TEM or XRD for M1, M4, and M7 in Table 1 shows a small increase compared to the fresh catalyst and no further increase is observed after the prereduction, indicated by sample H 2 L. Also, small platinum aggregates are observed for the samples M1, M4, and M7 used for the oxidation reaction and the pre-reduced sample H 2 L as shown in the TEM micrograph in Fig. 9 for sample M7. The near absence of particle growth under oxidizing conditions can be correlated with the results of Fig. 8 , where after a normal regeneration procedure of 1.8 × 10 3 s the initial rate is completely restored. Hence, as particle growth takes place mainly under reducing conditions and platinum aggregates are observed, the mechanism for particle growth consists mainly of platinum particle migration, as was the case during the hydrogen treatment at pH = 13 and 363 K.
Platinum particle growth via a platinum particle migration mechanism also takes place upon gas phase oxidation at 773 K. A large increase of the platinum particle diameter is observed after treatment in an oxygen atmosphere at 773 K, whereas in a hydrogen or nitrogen atmosphere only a small increase is observed, as indicated in Table 1 . Bett et al. (28) demonstrated that platinum supported on activated carbon required temperatures in excess of 873 K to bring about particle growth in a hydrogen and nitrogen atmosphere. Prado-Burguete et al. (49) showed that the oxygen-containing surface groups on the carbon support hamper the platinum particle growth in a hydrogen atmosphere at 773 K. In an oxygen atmosphere, however, platinum-catalyzed carbon burnoff (31) destroys the support together with the anchorage sites, causing platinum particle mobility and particle growth upon collision and coalescence of two particles.
From the gas and aqueous phase experiments it can be concluded that platinum particle growth can be attributed to the destruction of the strong interaction of the platinum particle with the graphite support. The oxygen-containing surface groups of the graphite support, which are responsible for this interaction, are able to inhibit platinum particle growth under mild conditions, e.g. those during the aqueous phase selective oxidation reaction. During hydrogen treatment in liquid phase, especially at high pH and high temperature, and during oxygen treatment in gas phase at 773 K, these surface groups are destroyed. This causes platinum particle mobility and via collision and coalescence there is particle growth.
It is interesting to compare the CO chemisorption data for small and large particles with the TEM data, without considering the data which are affected by site coverage. For the fresh catalyst the adsorption stoichiometry, calculated as d is smaller than for the fresh catalyst, as indicated in Table 1 (41) reported the same effect and proposed two explanations. First, electron transfer from the support toward platinum, which is more pronounced for smaller particles, would facilitate bridge-bonded CO. Second, for small particles the fraction of platinum atoms at edges will be greater (50), favoring bridge-bonded CO. An increase of the fraction of bridge-bonded CO compared to the fraction of linear-bonded CO implies that for small particles the CO adsorption stoichiometry is smaller.
Site Covering
Site covering was observed to take place during the aqueous phase treatment at pH = 13 and 363 K. It is indicated by the increase of the CO chemisorption capacity of sample H 2 B2-250 after four oxidation-reduction cycles. The fraction exposed recovered to 0.25 as indicated by sample H 2 B2-250R in Table 1 . It has been reported by Vleeming et al. (18) that the decrease of the fraction exposed upon hydrogen treatment at pH = 13 could also be partly recovered by potential cycling of the catalyst in an electrochemical setup and by heating in oxygen at 473 K. Another indication for site covering is that the d CO s increased from 2.3 nm to 14 nm, whereas the increase of the average platinum particle diameter measured with TEM and XRD is much smaller. In other words, the application of Eq. [5] , converting the FE CO to the d CO s , is actually not allowed in this case, because platinum surface atoms, which are covered, are not available for CO chemisorption.
The selective oxidation reaction of methyl α-D-glucopyranoside is only accompanied by site covering during the prereduction and the overnight stay of the catalyst in the reaction solution under nitrogen. As a result of the prereduction the fraction exposed decreases from 0.56 for the fresh catalyst to 0.41 for H 2 L as given in Table 1 . Applying the regeneration procedure for a relatively short time, a small or even no effect on the rate after regeneration is observed, but maintaining the catalyst overnight under reducing conditions clearly causes a decrease of the initial rate, as indicated in Fig. 8 , and a decrease of the fraction exposed, as measured with CO chemisorption. The fraction exposed decreases from 0.41 for the catalyst prior to the first oxidation run to 0.27 for the catalyst after the last oxidation run (Table 1, M7 ). This decrease constitutes the main reason for the decrease of the initial rate in Fig. 8 with increasing number of overnight N 2 treatments.
Site covering during the overnight stay of the catalyst in the reaction solution can be caused by the presence of organic side products from the methyl α-D-glucopyranoside oxidation. Site covering as a result of the aqueous phase reduction at pH = 13 or the prereduction in water at 363 K must however be caused by products originating from the graphite support. It is assumed that as a result of the destruction of the oxygen-containing surface groups under reducing conditions, which caused platinum particle mobility and particle growth, products are formed which may cause covering of sites. The aqueous phase and the presence of sodium hydroxide in particular play an important role in this respect, because gas phase reduction only has a limited effect on the CO adsorption capacity. Furthermore, during aqueous phase reduction an increase of the NaOH/catalyst ratio results in a larger decrease of the FE CO .
CONCLUSIONS
The extent of modifications of graphite-supported platinum catalysts due to particle growth and covering of metal sites strongly depends on the catalyst environment. Whereas in gas phase oxidation at 773 K platinum particle growth is largely due to sintering caused by extensive carbon burnoff of the graphite support, in the aqueous phase particle growth is limited during treatment in an oxygen atmosphere. In a nitrogen or hydrogen atmosphere at 773 K the increase of the particle diameter is small. However, aqueous phase reduction, especially at high pH and temperature, is responsible for the reduction of the oxygen-containing support surface groups, destroying the platinum anchorage sites. This enables platinum particle surface migration, which leads to the formation of platinum aggregates, particle growth, and site covering with products originating from the graphite support. The decrease of the initial rate for the oxidation of methyl α-D-glucopyranoside after reductive regeneration can be ascribed to covering of sites by side products or products originating from the graphite support under prolonged reducing conditions. 
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